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The TATA-binding protein (TBP) contains a concave surface that interacts specifically with TATA promoter
elements and a convex surface that mediates protein-protein interactions with general and gene-specific
transcription factors. Biochemical experiments suggest that interactions between activator proteins and TBP
are important in stimulating transcription by the RNA polymerase II machinery. To gain insight into the role
of TBP in mediating transcriptional activation in vivo, we implemented a genetic strategy in Saccharomyces
cerevisiae that involved the use of a TBP derivative with altered specificity for TATA elements. By genetically
screening a set of TBP mutant libraries that were biased to the convex surface that mediates protein-protein
interactions, we identified TBP derivatives that are impaired in the response to three acidic activators (Gcn4,
Gal4, and Acel) but appear normal for constitutive polymerase II transcription. A genetic complementation
assay indicates that the activation-defective phenotypes reflect specific functional properties of the TBP
derivatives rather than an indirect effect on transcription. Surprisingly, three of the four activation-defective
mutants affect residues that directly contact DNA. Moreover, all four mutants are defective for TATA element
binding, but they interact normally with an acidic activation domain and TFIIB. In addition, we show that a
subset of TBP derivatives with mutations on the DNA-binding surface of TBP are also compromised in their
responses to acidic activators in vivo. These observations suggest that interactions at the TBP-TATA element

interface can specifically affect the response to acidic activator proteins in vivo.

The mechanisms by which transcriptional activator proteins
stimulate the RNA polymerase II (Pol II) machinery have
been intensively investigated in vitro. Activators appear to
function by affecting one or more steps in the assembly of
general transcription factors into a preinitiation complex (5,
11, 14, 21, 32, 33, 47, 50). In principle, activators might recruit
general factors to the promoter, stabilize protein-protein in-
teractions within the preinitiation complex, and/or facilitate
conformational changes in initiation factors. In vitro, activators
can interact directly with the TATA-binding protein (TBP)
(19, 42), TBP-associated factors (TAFs) that are components
of the TFIID complex (11, 14), TFIIA (36), TFIIB (34), TFIIF
(21), TFIIH (54), and Pol II holoenzyme (13). In particular,
many regulatory proteins such as VP16 (19, 42), p53 (39), and
E1A (30) can interact with TBP. In addition, TBP mutants that
are defective for activated transcription in vitro have impaired
interactions with activation domains, TFIIA, TFIIB, and DNA
(24). The physiological significance of these results remains to
be clarified.

The molecular mechanisms of transcriptional activation in
vivo are poorly understood. In yeast cells, activators can stim-
ulate transcription by increasing recruitment of TBP to the
promoter. First, accessibility of TBP to the his3 TATA element
was shown to be a rate-limiting step that could be accelerated
by the Gen4 acidic activation domain (27). Second, direct re-
cruitment of TBP to the promoter by physically connecting
TBP to heterologous DNA-binding domains activates tran-
scription (3, 26). Transient-transfection experiments in mam-
malian cells also indicate that TBP plays a role in transcrip-
tional activation (6, 46). The hypothesis that activators
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stimulate TBP recruitment in vivo is attractive in light of ob-
servations in vitro that TBP binds very poorly to TATA ele-
ments in the context of chromatin (18, 53). What remains
unclear, however, is the mechanism by which activators recruit
TBP or other basal factors to the promoter.

To address this question, we have undertaken a genetic
strategy to isolate yeast TBP mutants that are defective in the
response to acidic activators but are otherwise normal for Pol
II transcription in vivo. It is important to note that the above
definition of activation-defective mutants does not involve the
concept of basal transcription as defined in vitro. In principle,
the basal transcription reaction involves the minimal set of
purified general factors that is sufficient to direct accurate
initiation from a promoter containing only a TATA and initi-
ator element. In vivo, it is obviously impossible to generate
such a situation because the cell contains all proteins involved
in transcription (including activators) at physiological levels,
and because chromosomally located promoters will always
have sequences upstream of the TATA element that are po-
tential weak binding sites for activator proteins. Thus, it cannot
be determined whether the low level of transcription that is
typically observed in vivo from promoters lacking upstream
elements (45) reflects basal transcription as defined in vitro or
is due to unknown activators binding to cryptic sequences
upstream of the TATA element. Similarly, it cannot be deter-
mined whether transcription in the absence of a known acti-
vator reflects basal transcription or involves an unknown acti-
vator. For these reasons, we define an activation-defective TBP
derivative as having a defect in the response to multiple acidic
activators but conferring normal levels of transcription from
other Pol II promoters in vivo.

Our strategy exploits the unique property of an altered-
specificity TBP derivative (TBP™?) to bind and function at
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promoters bearing the mutant TATA element, TGTAAA (43).
TBP contains a concave surface that interacts with TATA
promoter elements and a convex surface that mediates inter-
actions with general and gene-specific transcription factors (23,
25). Because most models for activation invoke protein-protein
interactions between activators and general factors, we
screened TBP™? mutant libraries that were biased to the con-
vex surface. In this report, we characterize TBP derivatives that
are specifically defective in the response to acidic activators.
Surprisingly, most of the activation-defective TBP mutants af-
fect residues that directly contact DNA, and all of them are
unable to bind TATA elements in vitro. TBP derivatives, pre-
viously characterized as having DNA-binding and transcrip-
tional activation defects in vitro (24), are also compromised in
their responses to acidic activators in vivo. These results sug-
gest that interactions at the TBP-TATA element interface can
specifically affect transcriptional activation.

MATERIALS AND METHODS

Strains and DNAs. Saccharomyces cerevisiae yML1 was derived from
ACUPI-51 (31) by gene replacement of the HIS3 locus with Sc3765 (12), which
contains a TGTAAA TATA element and no activator-binding site, and the
introduction of Ycp88-GCN4 (16), a plasmid constitutively expressing Gen4, and
a second plasmid containing a fusion of the HIS3 promoter and N-terminal 103
amino acids from Sc3745 (12) to the CUP! coding sequence. The CUPI struc-
tural gene was isolated as a Smal-Kpnl fragment derived from plasmid pBS-
CUPI-Sma (31). Analysis of mutants obtained in the TBP™ context was per-
formed in strains derived from KY320 (4) in which the HIS3 locus was replaced
with TGTAAA-containing alleles Sc3765 (no Gen4-binding site; strain yML2),
Sc3745 (with a Gen4-binding site; strain yML3), or Sc3660 (four Gal4-binding
sites; strain yML4). Analysis of mutants in the wild-type TBP context was per-
formed by plasmid shuffling into strain BYA2 (7). To assess Acel activation, the
HIS3 locus of BYA2 was replaced with a derivative that contains a single Acel-
binding site upstream of the TATAAA TATA element (20) to give strain yML6.
For the genetic complementation experiment detailed in Fig. 5, the HIS3 locus
of BYA2 was replaced with allele Sc3660 (4) to generate strain yML7.

TBP libraries generated by regional codon randomization (9) were recon-
structed in the TBP™? context as follows. Libraries N1, N2, and N3 were con-
verted by subcloning an Xbal-BamHI fragment containing the three mutations
conferring altered specificity (43). Libraries N4, N5, and N6 were constructed by
PCR (9) using TBP™? as a template. As before, TBP libraries were carried on
TRPI-marked centromeric plasmids. Separation of the double mutant (S118L,
S128T) was achieved by subcloning the Agel-BamHI fragment of the double
mutant into the parental TBP™ context (to give S128T) and subcloning the same
fragment from parental TBP™ into the double mutant (to give S118L). Gener-
ation of the TBP mutants L114K, L189K, and K211L was accomplished by PCR
mutagenesis using the megaprimer method (38) on a TBP or TBP™ template.
TBP mutants K110L and K120L were generated by subcloning of the Xbal-
BamHI fragment of TBP™? as described above.

Screen for activation-deficient TBPs. Strain yML1 was transformed with
TBP™ libraries and plated on media selecting for the library plasmid. Transfor-
mants (approximately 5,000 from each library) were replica plated onto synthetic
minimal medium lacking histidine and containing 0.5 mM aminotriazole (AT) to
assay expression from the nonactivated promoter and onto synthetic minimal
medium containing histidine and 160 uM CuSO, to monitor transcription from
the Gen4-activated reporter. Candidates from this screen demonstrating reason-
able growth on the AT plate and poor growth on the CuSO, plate were selected
for further analysis. Plasmids encoding TBP™® derivatives were rescued from
these candidates and passaged through Escherichia coli, and the resulting DNA
was retransformed into strains yML2 and yML3 to confirm the phenotype.

Phenotypic analysis. Plate phenotypes for strains containing TGTAAA re-
porters and altered-specificity TBP derivatives were determined by a spotting
assay. Yeast strains grown to late log phase in appropriate media (as specified)
were harvested by centrifugation and resuspended in a buffer containing 10 mM
Tris (pH 8.0) and 5 mM EDTA, a buffer that minimizes aggregation (48); 10°
cells for each strain were spotted onto synthetic minimal media with composi-
tions as described in the figure legends. To assay Gal4 responses for TBP™3
derivatives, strains were grown in Casamino Acids medium containing raffinose
(nonrepressing) as the sole carbon source. Viability of yeast TBP derivatives in
the wild-type DNA-binding specificity context was assayed by plasmid shuffling
(7). Gal4-dependent activation was determined by transforming strains with
YCp86-Sc3801 (41), which contains four Gal4-binding sites upstream of the his3
TATA region and his3-lacZ structural gene. Cells were grown to mid-log phase
in synthetic minimal medium containing raffinose (nonrepressing) as the sole
carbon source and subsequently split into medium containing either glucose
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(repressing) or galactose (inducing) as the sole carbon source. Cultures were
then harvested at mid-log phase and assayed for B-galactosidase activity.

RNA analysis. For analysis of Acel activation, yML6 derivatives supported by
wild-type or mutant TBPs were grown in synthetic minimal glucose medium to
mid-log phase and split into two series of parallel cultures in fresh medium.
When these cultures reached mid-log phase, one series of cultures was induced
with 200 uM CuSOj, for 1 h, at which point both series of cultures were harvested
for RNA analysis. For the genetic complementation assay, strains supported by
the wild-type and mutant TBP derivatives were transformed with TBP™* and
grown in a Casamino Acids medium containing raffinose (nonrepressing) as the
sole carbon source. Cultures were grown to mid-log phase and split into
Casamino Acids medium containing either glucose (repressing) or galactose
(inducing) as the sole carbon source and harvested at mid-log phase. In all cases,
RNA levels were measured quantitatively by S1 nuclease analysis using oligonu-
cleotides probes (8, 28).

In vitro analysis of TBPs. TBP derivatives were cloned into the Ndel and
BamHI sites of vector PET-15b (Novagen) as follows. An Ndel-BglII fragment
containing the N terminus of yeast TBP (7) was ligated to the Bg/II-BamHI
fragment of the TBP derivatives containing the rest of the TBP coding sequence,
with destruction of the BamHI site. All mutations analyzed were present between
the Bg/II (within the TBP coding sequence) and BamHI sites of TBP. TBPs were
purified as instructed by the manufacturer (Novagen). Proteins thus purified
were estimated to be greater than 50% pure by Coomassie blue staining. Con-
centrations were determined by the Bradford assay and calculated for wild-type
TBP. Protein concentrations for the TBP mutants were estimated by Coomassie
blue staining, using serial dilutions of wild-type TBP as a standard. Gel mobility
shift experiments were performed by incubating a 45-bp fragment (0.5 ng) con-
taining the adenovirus E1B TATA box with the indicated amounts of the TBP
derivative in the presence of 200 ng of poly(dG-dC), 100 mM KCl, 40 mM
N-2-hydroxyethylpiperazine-N'2-ethanesulfonic acid (HEPES; pH 7.9), 20 mM
Tris (pH 7.5), 5 mM MgCl,, 10% glycerol, 1 mM dithiothreitol, and 0.5 mM
phenylmethylsulfonyl sulfate. TBP complexes were electrophoretically separated
on 4% native polyacrylamide gels run in a Tris-glycine buffer system supple-
mented with 4 mM MgCl,. Column association experiments involved incubating
20 pl of glutathione-agarose beads containing glutathione S-transferase (GST),
GST-VP16, and GST-TFIIB with TBP derivatives for 1 h in 100 pl of buffer
containing 100 mM KCI, 20 mM HEPES (pH 7.9), 5 mM MgCl,, 20 pg bovine
serum albumin, 0.2 mM EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsul-
fonyl fluoride, 10% glycerol, and 0.03% Nonidet P-40. The beads were washed
five times with 200 pl of buffer, and bound proteins were eluted in 40 pl of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer and
separated by electrophoresis. TBP bound to the various columns tested was
visualized by Western blotting (immunoblotting) with an anti-TBP antibody.

RESULTS

A genetic screen for isolating activation-deficient derivatives
of TBP. To obtain TBP mutants with defects in activated tran-
scription, we exploited the unique property of an altered-spec-
ificity TBP derivative (TBP™?) to bind and function at promot-
ers bearing the mutant TATA element, TGTAAA (43). TBP™>
versions of yeast and human derivatives have been examined
for activation in yeast and human cells (22, 43, 46). A yeast
genetic screen performed in the context of TBP™? has several
advantages. First, because the screen is carried out in the
presence of wild-type TBP, mutations that adversely affect
both activation and viability are not lost. Second, TBP™ is
required for transcription from TGTAAA-containing promot-
ers but not from native yeast promoters; this reduces the like-
lihood of isolating activation-deficient TBP mutants that indi-
rectly generate their phenotypes by altering expression of
genes other than the reporter. Third, the availability of genetic
screens makes it possible to examine many TBP derivatives for
the desired properties.

The directed genetic screen for activation-defective TBP
derivatives is diagrammed in Fig. 1. Six highly compact and
complex libraries generated by regional codon randomization
(9) were reconstructed in the TBP™? background. These librar-
ies are strongly biased to the convex surface of TBP that
mediates protein-protein interactions; of the 95 residues mu-
tated, only 14 are located on the concave, DNA-binding sur-
face. The libraries were introduced into strain yML1, which
contains his3 promoter derivatives containing the TGTAAA
TATA element fused to selectable structural genes. The non-
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FIG. 1. Genetic screen for activation-deficient TBP mutants. Libraries gen-
erated by regional codon randomization (9) were reconstructed in the altered-
specificity context (TBP™?) and introduced into strain yML1, which contains the
following elements: a nonactivated, TGTAAA-driven reporter (HIS3); a GCN4-
activated, TGTAAA-driven reporter (CUPI); and a constitutive GCN4 expres-
sion plasmid (Ppgp-GCN4). TGTAAA promoters for both reporters are HIS3
promoter derivatives containing a deletion of T (12). Individual transformants
were screened as described.

Screen activated reporter
(160 uM CuSO))

activated promoter drives expression of HIS3, which can be
monitored by resistance to AT, a competitive inhibitor of the
HIS3 gene product. The Gené4-activated promoter directs ex-
pression of CUPI, which can be monitored by resistance to
exogenous copper sulfate in the growth medium (31). The
promoters for the two reporters are identical in all respects
except that one contains a Gen4-binding site while the other
does not. In comparison with the parental TBP™>, an activa-
tion-deficient mutant should show high activity from the non-
activated reporter but low activity from the activated reporter.
Isolation of a rare class of TBP mutants that is impaired in
transcriptional activation. Approximately 5,000 transformants
from each TBP™ library were screened on medium containing
either 0.5 mM AT or 160 uM CuSO,. Colonies that grew fairly
well on AT but poorly on CuSO, were selected, and the plas-
mids encoding the TBP™? derivatives were retransformed into
a isogenic yeast strains carrying the nonactivated and Gcen4-
activated promoters fused to the HIS3 structural gene. Figure
2A shows a graphical representation of the range of mutant
phenotypes in which growth on AT for a given TBP™ deriv-
ative in either the nonactivated or Gcen4-activated reporter
strain was scored on an arbitrary scale with wild-type TBP at
the bottom and TBP™ at the top. As expected, defects in
activated transcription are strongly correlated with defects in
transcription from the nonactivated promoter. However,
within one class of mutants having a modestly decreased level
of nonactivated transcription (Fig. 2A, boxed), we observed a
wide distribution of phenotypes on the activated promoter.
From this class of TBP™ mutants having equivalent pheno-
types on the nonactivated promoter, four TBP™? derivatives
exhibiting the lowest level of Gen4-activated transcription were
selected for further analysis (Fig. 2A, circled). Three of these
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mutants contain single amino acid substitutions (N159L,
V161A, and F148L); the remaining mutant contained two
changes (S118L and S128T). Compared with the parental
TBP™?, all four mutants exhibit only slightly reduced levels of
activity on the nonactivated promoter, whereas they show dra-
matic effects on the Gcen4-activated promoter (Fig. 2B). In
contrast, TBP™ derivatives containing K145G, R137S, A140C
plus Q144L, and S136M, which display similar functions on the
nonactivated promoter, give levels of activation more charac-
teristic of the general distribution of mutants. Separation of
the S118L,S128T double mutant indicates that S118L is re-
sponsible for the activation-defective phenotype; S128T be-
haves indistinguishably from the parental TBP™>. Double mu-
tants representing the six pairwise combinations of the
activation mutations were equally or more impaired in the
ability to support Gen4-dependent activation compared with
the corresponding single mutants (Fig. 2B).

We tested the four TBP™? derivatives for Gal4-dependent
activation by introducing them into a strain carrying a TGT
AAA-containing promoter with four binding sites for the Gal4
acidic activator (Fig. 2C). In comparison with parental TBP™?,
the four TBP™? derivatives are impaired in the ability to sup-
port Gal4-dependent activation, although to different extents.
The S118L, F148L, and V161A derivatives show very little
activity on this Gal4-dependent promoter, whereas N159L is
only partially defective.

Activation defects are retained in the context of wild-type
TBP. To verify that the activation-deficient phenotypes were
not an artifact of the TBP™? context, we introduced the mu-
tations into the context of wild-type TBP. Strains containing
the four derivatives as the sole source of TBP grow well at
30°C, with little or no effect on doubling time in YPD medium.
At 37°C, strains containing S118L, N159L, and V161A exhibit
slightly decreased growth compared with strains containing
F148L or wild-type TBP. Growth rates of double mutant
strains were equal to or slightly slower than those of the cor-
responding single-mutant strains. As determined by Western
blotting, TBP levels in the mutant strains were indistinguish-
able from that of the wild-type strain (see Fig. 4B).

To test whether these mutant strains were deficient for ac-
tivation by Gal4 and Acel, we generated strains containing
appropriate reporter constructs with a wild-type (TATAAA)
element. In all four mutant strains, B-galactosidase activity
from the Gal4-dependent reporter under activating conditions
(in galactose) varied between 6 and 24% of the activity of the
wild-type strain (Fig. 3A); in the double-mutant strains, activ-
ities ranged from 6 to 12% (Fig. 3B). As expected, the behav-
iors of the activation-deficient TBPs in this assay paralleled
their activities in the TBP™? context (compare Fig. 2C with Fig.
3A). With the exception of N159L, which was least affected for
Gal4 activation, the mutant TBP derivatives were also im-
paired in transcriptional activation by Acel (Fig. 3C). V161A
was very deficient (about 5% of wild-type activity), whereas
S118L and F148L showed about 25% of wild-type activity. The
apparent defects observed in the absence of copper are Acel
dependent (10) and do not represent defects in nonactivated
transcription.

TBP derivatives do not affect Pol I, Pol III, and constitutive
Pol I transcription. In the TBP™? context used in their isola-
tion, the activation-deficient derivatives appear to be slightly
defective for nonactivated transcription (Fig. 2A and B). How-
ever, this apparent defect may be due not to the S118L, F148L,
N159L, and V161A mutations per se but rather to the fact that
they are analyzed in the context of TBP™, which contains
three mutations on the DNA-binding surface that mediate the
altered TATA element specificity. We therefore analyzed the
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FIG. 2. Isolation of activation-deficient TBP mutants. (A) Phenotypes ob-
tained from the screen. Mutants were scored for activity from each reporter,
using an arbitrary scale (phenotypes conferred by wild-type TBP and the parental
TBP™? were set at the bottom and top of the scale, respectively). Each point on
the graph denotes a phenotypic class and represents one or more mutant TBP
derivatives. Boxed, series of phenotypic classes with equivalent function on the
nonactivated promoter; circled, class of mutants defined to be activation defi-
cient. (B) Phenotypic assays for nonactivated and Gen4-activated HIS3 expres-
sion conferred by mutant TBP™? derivatives. The HIS3 promoter derivatives are
identical to those depicted in Fig. 1 except that the activated reporter directs
expression of HIS3. Mutants were introduced into strain yML2 (nonactivated
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mutations in the context of wild-type TBP (same strains as
used for Fig. 3) for transcription from representative Pol I
(rRNA), Pol IIT (tRNA-I), TATA-less Pol II (TRP3), and
constitutive Pol II (DEDI and RPS4) promoters. For all five
genes tested, transcription in the mutant strains was similar to
that observed in the wild-type strain (Fig. 4). Although basal
transcription as defined in vitro cannot be measured in vivo
(see the introduction), these results indicate that the TBP
mutations do not generally impair Pol II transcription. Thus, in
the context of wild-type TBP, the mutant proteins are specif-
ically defective in the response to acidic activators in vivo.

A genetic complementation experiment verifies the primary
nature of activation deficiency. There are two mechanisms by
which a TBP mutant might generate an activation-deficient
phenotype. In the desired case, TBP mutants specifically and
directly affect the process of activation. Alternatively, as TBP
plays an essential role in all transcriptional events in vivo, an
activation-deficient phenotype on a particular reporter might
represent an indirect effect due to the altered expression of a
gene(s) important for activation. For example, TBP derivatives
defective in the synthesis of specific activator proteins, TAFs,
or other coactivators might lead to the appearance of an acti-
vation-defective phenotype.

We have designed a genetic complementation experiment to
distinguish between these possibilities (Fig. SA). Strain yML7
contains a Gal4-dependent, TGTAAA-containing promoter
that drives HIS3 expression and is supported by wild-type TBP
on a URA3-marked plasmid. The four TBP mutants (in the
wild-type context) were introduced into strain yYML7 by plas-
mid shuffling, and activation deficiency was confirmed by anal-
ysis with the Gal4-dependent lacZ reporter (data not shown).
The resulting strains (and the wild-type TBP control) were
transformed by a plasmid expressing the parental (i.e., other-
wise wild-type) TBP™?. If a TBP mutant indirectly generates an
activation-deficient phenotype by affecting expression of gene(s)
important for the activation process, then TBP™ should also
show an activation-defective phenotype on its cognate pro-
moter. On the other hand, in a cell supported by a TBP mutant
with a primary activation defect, TBP™? should function nor-
mally in activated transcription from a TGTAAA promoter.
Thus, in this genetic complementation experiment, TBP™?
serves as a probe for the activation competency of the cell.

In the control strain supported by wild-type TBP, TBP™>
drives HIS3 transcription when the cells are grown in galactose
(Fig. 5B). In strains supported by the S118L, N159L, V161A,
and F148L derivatives, TBP™> function varied between 80 and
100% of wild-type function. Thus, the activation-deficient phe-
notypes of the four TBP mutant strains are directly due to
inherent functional defects in transcriptional activation.

Activation-deficient TBP alleles are defective for DNA bind-
ing. Mapping of the TBP mutations onto the X-ray structure of
a TBP-TATA element complex (23, 25) reveals that three of

reporter) or yML3 (activated reporter), and the resulting cells were spotted on
plates containing either 0.5 mM AT (nonactivated) or 5.0 mM AT (activated).
Mutants K145G, R137S, A140C,Q144L, and S136M are activation-competent
mutants whose activities on the nonactivated promoter are similar to those of the
activation-deficient mutants S118L,S128T, N159L, V161A, and F148L. Individ-
ual amino acid changes in S118L,S128T were tested separately to determine the
basis for the activation-deficient phenotype. Analysis of the six possible double
mutants between S118L, N159L, V161A, and F148L constructed in TBP™? is
shown at the right. (C) Responses of TBP mutants to the Gal4 activator. TBP™3
derivatives were introduced into strain yML4 (Gal4-dependent TGTAAA-con-
taining HIS3, with four Gal4-binding sites denoted by black boxes), and the
resulting strains were tested for growth in medium containing either glucose or
galactose as the carbon source and 5 mM AT.
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FIG. 3. Gal4 and Acel activation in strains supported by mutant TBPs. (A) Gal4 activation. Strains containing the indicated TBP derivatives (in an otherwise
wild-type [WT] context) and a Gal4-dependent B-galactosidase reporter bearing a consensus TATAAA element (41) were grown in glucose or galactose medium. (B)
Gal4 activation in strains supported by double mutants. The S118L,V161A double mutant did not support cell growth and hence was not tested. (C) Acel activation.
Strains containing the indicated TBP derivatives (in an otherwise wild-type context) and an Acel-dependent HIS3 reporter bearing a consensus TATAAA element were
grown in presence (+) or absence (—) of 200 uM CuSO, and assayed for HIS3 and DEDI RNA levels by S1 nuclease analysis. The level of the HIS3 +13 transcript
(normalized to the level of the DED]I internal control) was quantitated by PhosphorImager analysis. Acel-dependent transcription occurs in the absence of copper (10);
hence, the apparent decrease in transcription in the mutant TBP strains in the absence of copper is Acel dependent and does not reflect a deficiency in nonactivated

transcription.

the four TBP derivatives isolated here (S118L, N159L, and
V161A) affect residues that directly contact DNA. Given that
only 14 of the 95 residues represented in the screened libraries
map to the DNA-binding surface, this result was very surpris-
ing (P < 0.01). This result was also surprising given that nearly
all models of transcriptional activation involving TBP have
emphasized protein-protein interactions mediated by the con-
vex (i.e., non-DNA-binding) surface.

To test whether DNA binding was indeed affected, we ex-
pressed histidine-tagged TBP mutant proteins (in a wild-type
context) in E. coli and purified them by nickel affinity column
chromatography. As assayed by gel retardation, wild-type TBP
bound specifically to a TATA-containing probe, whereas none
of the mutants could bind detectably at similar TBP concen-
trations (Fig. 6A). Indeed, none of the mutants could bind
detectably at 10-fold-higher protein concentrations, with the
exception of F148L, which gave a very faint signal. Thus, the
four activation-defective mutants possess DNA-binding capac-
ities at least 100-fold below wild-type levels. Addition of TFIIA

or TFIIB to the reaction does not rescue the DNA-binding
defect (data not shown). The inability to bind TATA se-
quences is not due to a gross unfolding or inactivation of the E.
coli-generated proteins. When tested for interactions with
TFIIB or VP16, two factors with well-characterized associa-
tions with TBP, all four mutants behaved indistinguishably
from wild-type TBP (Fig. 6B).

A subset of other mutations on the TBP DNA-binding sur-
face confer activation defects in vivo. Three TBP mutants that
support basal transcription but do not respond to the VP16
acidic activation domain have been previously identified by
assays in vitro (24). While the mutations involved (L114K,
L189K, and K211L) cause a variety of biochemical defects,
they all affect residues that directly contact DNA. As most of
the TBP derivatives described in the current study affect resi-
dues on the DNA-binding surface, we therefore examined
whether these previously identified TBP mutants are defective
for transcriptional activation in vivo.

We first tested whether the L114K, L189K, and K211L de-
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FIG. 4. Transcription from Pol I, Pol III, TATA-less Pol II, and constitutive
TATA-containing Pol II genes. (A) Forty micrograms of total RNA harvested
from strains supported by the indicated TBP derivatives was subjected to S1
nuclease analysis using probes directed against rRNA, tRNA, TRP3, RPS4, and
DEDI. Quantitative PhosphorImager analysis indicates that RNA levels in mu-
tant TBP strains were generally within =20% of that observed in the wild-type
strain. However, for unknown reasons, TRP3 levels in the V161A strain are 50%
higher than in the wild type, and tRNA levels in the N159L strain are 35% higher
than in the wild type. (B) Western blot analysis using TBP antibody (o« TBP) and
25 ug of protein from cell extracts of the same strains.

rivatives (in an otherwise wild-type context) could support cell
growth as the sole source of TBP. Of the three mutants, only
L114K gave any detectable complementation of the TBP de-
letion; growth was extremely feeble when L114K was present
on a centromeric plasmid and slow when it was introduced on
a multicopy vector. When tested for activation by Gal4 and
Acel, the L114K strain was nearly as defective as the strain
containing V161A (Fig. 3A and C). As a second test, all three
mutants were constructed in the TBP™? context and analyzed
for the ability to mediate nonactivated and Gcn4-activated
transcription from appropriate TGTAAA-containing promot-
ers (Fig. 7). L114K, L189K, and K211L behaved very similarly
to V161A, which was isolated in the present study.

To test whether any DNA-binding mutant could confer this
phenotype, we assayed two TBP mutants (K110L and K120L)
with known DNA-binding defects in vitro (55). Both of these
mutants are not activation deficient by our assay; the K110L
derivative behaves similarly to the parental TBP™?, whereas
the K120L derivative shows equivalent decreases in nonacti-
vated and Gcen4-activated transcription (Fig. 7). These results
are in accord with the previous observation that they support
the response to the VP16 acidic activation domain in vitro (24).
Thus, while activation deficiency in vivo correlates with muta-
tions on the DNA-binding surface of TBP, the properties of
K110L and K120L demonstrate that the converse is not true;
i.e., simple disruption of TBP-DNA contacts is insufficient to
cause a specific defect in activation.

DISCUSSION

TBP mutants that directly and specifically affect the re-
sponse to acidic activators. We have used a novel genetic
screen to isolate four TBP derivatives that are activation defi-
cient. A key motivation for isolating the mutations in the con-
text of TBP™ was to avoid the possibility of indirect effects on
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FIG. 5. Genetic complementation assay for distinguishing primary from in-
direct activation defects. (A) Conceptual design (see text). The absence of
functional Gal4 activator (or coactivator) in the case of indirect effects is indi-
cated by clear ovals outlined with dotted lines. (B) RNA analysis. Strains sup-
ported by wild-type and mutant TBPs were transformed with TBP™3, grown in
either glucose or galactose medium, and assayed for HIS3 and DED] transcrip-
tion.

transcriptional activation. Since TBP™? is not required at nat-
ural TATAAA-containing promoters and is recessive to wild-
type TBP in its ability to support cell growth (43), it seems
highly unlikely that a mutant TBP™ derivative would affect
activated transcription at TGTAAA-containing promoters by
altering expression of normal cellular genes. Moreover, in the
genetic complementation assay (Fig. 5), the TBP™ probe
functioned similarly in cells supported by wild-type and acti-
vation-deficient TBP mutants. Thus, reduced transcriptional
activation by Gal4 in our mutant TBP strains is a direct con-
sequence of subnormal TBP function at the activated promot-
ers that we assayed.

Our results strongly suggest that the four TBP derivatives
are specifically impaired in the response to acidic activators.
Strains supported by these TBP derivatives are defective (to
various extents) for transcriptional activation by Gen4, Gald4,
and Acel. These three activator proteins have structurally un-
related DNA-binding domains and are physiologically regu-
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FIG. 6. In vitro analysis of TBP mutants. (A) Gel mobility shift assay for DNA binding. The indicated amount of histidine-tagged TBP protein was incubated with
a TATAAA-containing probe and electrophoretically separated on a Tris-glycine 4% native polyacrylamide gel supplemented with 4 mM MgCl,. WT, wild type. (B)
Affinity chromatography assay for protein-protein interactions with TFIIB and VP16. Fifty nanograms of each TBP derivative was incubated with an excess of
glutathione-agarose beads containing GST, GST-VP16, or GST-TFIIB. Approximately 30% of the input TBPs was retained on the columns.

lated in very distinct manners, but they all stimulate transcrip-
tion through acidic activation domains (10, 16, 35). In contrast,
transcription from Pol I, Pol III, and TATA-less Pol II pro-
moters (TRNA, tRNA, and TRP3, respectively) is unaffected in
the mutant TBP strains (Fig. 4), even though functional TBP is
required in all cases in vivo (8). Furthermore, transcription
from constitutive, TATA-containing Pol II promoters (RPS4
and DED]I) is normal in our mutant TBP strains. Although
basal transcription as defined in vitro cannot be measured in
vivo (see the introduction), the selective impairment of tran-
scription mediated by three acidic activators excludes the pos-
sibility that the TBP mutations have a general effect on Pol 11
function.

Although these TBP mutations confer slightly reduced func-
tion on the nonactivated promoter in the TBP™ context, it
should be emphasized that the mutants were initially selected
because of their markedly reduced ability to support activated
transcription as compared with other mutants with similar
competency on the nonactivated promoter. Moreover, inter-
pretation of this weak effect on nonactivated transcription is
complicated by the facts that TBP™ already contains three

Nonactivated Activated

FIG. 7. Phenotypic analysis of previously characterized TBP derivatives with
mutations on the DNA-binding surface of TBP. The L114K, L189K, K211L,
K110L, and K120L substitutions (17, 55) were introduced into the TBP™? context
and examined for nonactivated and Gcen4-activated transcription (strains yML2
and yML3, respectively) as described in the legend to Fig. 2. The K120L deriv-
ative shows equivalent decreases in nonactivated and Gen4-activated transcrip-
tion (in comparison with V161A, a representative of the activation-deficient
mutants isolated here, K120L has a much weaker signal on the nonactivated
promoter and a slightly greater activated signal); hence, it is not considered an
activation-deficient mutant.

TBP
TBP™?
V161A
L114K

L189K
K211l

K110L
K120L

substitutions on the DNA-binding surface and that it binds less
strongly to TGTAAA than wild-type TBP binds to TATAAA
(43). Thus, we conclude that the S118L, N159L, V161A, and
F148L substitutions specifically affect activated transcription
and that the observed effects on nonactivated transcription in
the TBP™? context reflect perturbations of the DNA-binding
surface and TATA element interaction enhanced by the three
mutations that confer altered specificity.

Role of DNA binding in activation. Given that most models
for transcriptional activation invoke protein-protein interac-
tions at the promoter, we screened libraries biased against
mutations on the concave, DNA-binding surface of TBP. Thus,
it was quite unexpected (P < 0.01) that three of the four
derivatives alter residues that directly interact with the TATA
element. These three TBP mutants (S118L, N159L, and V161A)
do not bind detectably to the TATA element in vitro, and the
remaining mutant (F148L) is severely defective in DNA bind-
ing (<1% of the wild-type level). The common defect in DNA
binding does not reflect gross unfolding or inactivation because
all four TBP derivatives interact normally with VP16 and
TFIIB in vitro.

While it is possible that these mutants are compromised in
their interactions with factors that we have not tested, the
localization of these mutations to the DNA-binding surface is
very suggestive of the primary significance of the TBP-TATA
element interaction. In support of this view, previously char-
acterized TBP mutants that map to the DNA-binding surface
and are activation defective in vitro (24) behave similarly in
vivo to the mutants isolated in this paper (Fig. 7). After this
report was submitted for publication, TBP mutants defective
for Gal4-activated transcription in vivo were isolated by a very
different genetic screen (1). These mutants also map on the
DNA-binding surface of TBP and in two cases occur at the
same position (although not the same substitution) as the mu-
tants described here; however, they do not appear to be de-
fective in activation by Gen4 (1). Taken together, the evidence
argues that mutations at the TBP-DNA surface can preferen-
tially affect activated transcription.

Although these mutants fail to bind TATA elements in vitro,
their ability to support viability indicates that they interact
efficiently with these elements in vivo. This finding strongly
suggests that the TBP mutants are recruited or stabilized to the
TATA element in vivo, possibly by proteins (TFIIA, TFIIB,
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and TAF150) that can extend the footprint of TBP on DNA in
vitro (2, 49). We do not believe, however, that the activation-
deficient phenotypes are due simply to a general reduction in
TBP affinity for DNA. The L189K protein binds TATA se-
quences with wild-type affinity (55) but is activation deficient.
Conversely, K110L does not bind DNA in vitro (55) but ap-
pears fully competent for activated transcription in vivo (Fig.
7) or in vitro (24). Moreover, we recently tested the four
mutants isolated here in a highly sensitive assay for DNA
binding, using a prebent TATA sequence (37). In this assay,
V161A, the mutant most severely affected for activation, binds
DNA detectably, while N159L, the least severely affected mu-
tant, fails to bind at all (29). Taken together, the data indicate
that activation deficiency cannot be explained as a simple con-
sequence of a reduced TBP-TATA interaction.

Possible molecular mechanisms. In the simplest models, the
central role of TBP in preinitiation complex formation predicts
that defects in DNA binding will affect both nonactivated and
activated transcription. Indeed, analysis of numerous deriva-
tives of the TATA element suggests that the level of basal
TBP-dependent transcription in vitro is very strongly (but not
completely) correlated with the level of transcriptional activa-
tion in vivo (12, 52). Thus, it is very surprising to find that
mutations on the DNA-binding surface of TBP can specifically
affect the response to acidic activators.

Why are the TBP mutants isolated in this study specifically
defective for activation? We consider four explanations that
are not mutually exclusive. First, these mutants (aided by other
factors such as TAFs, TFIIA, or TFIIB) might bind DNA in a
conformation that differs from that of wild-type TBP such that
the resulting TBP-DNA complex cannot be recognized by ac-
tivators and/or coactivators. Although TBP conformation (un-
like that of the TATA element) does not appear dramatically
altered upon binding (23, 25), conformational differences
might not need to be large to be significant and might reside in
the DNA rather than in TBP. Second, activators might require
that a given TBP molecule be present at the promoter for a
certain length of time before they can mediate their stimula-
tory action. The mutant TBPs might have a slower on rate or
an increased off rate from the TATA element such that an
activator would not be effective. In this view, the effective
occupancy time required for nonactivated transcription would
be less (which might account for the lower level of transcrip-
tion). Third, transcriptional activation in vivo might involve the
remodelling of chromatin by factors such as the Swi/Snf com-
plex that can enhance the accessibility of TBP for the TATA
element in vitro (18). If a TBP mutant cannot exploit the
remodelled chromatin generated by Swi/Snf, then activation
might be greatly reduced. Fourth, the concave surface of TBP
might be bifunctional such that it can interact with both DNA
and activators. All of these models are consistent with the
observation that only a subset of mutations on the DNA-
binding surface specifically affect transcriptional activation.

Potential physiological relevance. Although the molecular
mechanisms are unknown, our results indicate that interac-
tions at the TBP-TATA interface can specifically affect the
response to acidic activators. While the activation-deficient
TBPs described here are artificial, our results are likely to be
physiologically relevant because the affinity of TBP for natural
TATA elements varies over a wide range. Indeed, there are
several examples in which specific TATA sequences display
differential responses to activator proteins (12, 15, 40, 44, 51).
In S. cerevisiae, there are numerous examples of closely packed
genes that are differentially regulated. In such situations, func-
tionally distinct TATA elements might permit an activator
protein that functions bidirectionally to stimulate only one of a
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pair of diverently transcribed genes. For example, a Gcn4-
binding site is located at a comparable distance upstream of
the HIS3 and PET56 TATA elements, but Gcen4 is able to
stimulate only HIS3 transcription (44). Thus, the subtleties
involved in interactions at the TBP-TATA interface that spe-
cifically affect transcriptional activation might contribute to
the extraordinary diversity of eukaryotic gene regulatory pat-
terns.
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